ABSTRACT:-
INTRODUCTION
The effect of porosity on the fracture strength of porous ceramic materials has been the subject of considerable theoretical as well as experimental investigations [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . Generally, porosity affects the mechanical property of ceramic materials in two ways: Firstly, it reduces the effective cross-sectional (load-bearing) area such that the mechanical property will be dependent on the minimum contact-solid area. The minimum solid (load-bearing) area is the actual sintered or the bond area between particles in the case of stacked particles, and it is the minimum web crosssectional area between pores in the case of stacked bubbles [1] . Secondly, porosity leads to stress inhomogeneities (stress concentrations) near the pores such that under mechanical loading, the true stress in the material is higher near the pores than at a far distance from them [2] .
Accurate prediction of the fracture strength of porous ceramics requires adequate information such as pore shape and orientation to be included, in addition, to pore volume (fraction), as parameters that influence the fracture strength-porosity relationships. The theoretical and experimental studies in the literature can be divided in two main groups: (a) those considering only a pore volume fraction effect on strength and (b) studies which consider a pore structure (size and orientation) effect on the mechanical strength. Two general approaches have thus been developed to explain or predict the fracture strength-porosity relations in ceramic materials. One approach [1, 3] , generally called the minimum contact area model (MCA), suggests that the flexural strength (σ) of ceramics is dependent on the minimum contact solid area. According to this model, the mechanical strength decreases exponentially with increase in volume fraction porosity (P) according to Sprigg's [4, 14, 15] :
In the above equation, σ o is the flexural strengths of a fully dense material while b is an empirical parameter related to the minimum solid area and dependent on the pore structure [3] . Equation (1) was derived on a purely empirical basis (not based on theory) until recently when Andersson [5] analytically derived it. The above equation is applicable when the packing geometry and the shape of the pores remain unchanged as the volume fraction porosity changes [15] . The exact significance of b is not given in the original work, but it is suggested that b may be associated with the fabrication technique, and it is related to the proportions of closed and open pores, or to the proportions of continuous solid-phase structure and continuous pore-phase structure [15] . In deriving equation (1), Anderson [5] assumes a large isotropic body within which the pore is contained, and that the remotely applied stress remains invariant. He has shown that b is a function of pore shape and orientation of the pore with respect to the stress axis and is independent of pore size and it is given by sin E
In the above equation, E(α) is the complete elliptical integral [5] while α is the aspect ratio.
Equation (1) does not consider pore interactions and intersections that occur at high porosity and is therefore limited to a porosity range of approximately 40% [5] . Further, this equation does not satisfy the boundary condition σ = 0 at P = 1 [7] .
The second approach [2] , known as the stress concentration effects (SCE) model, suggested that the mechanical property is dependent on pore shape and resulting stress concentration effects. According to this model, the resulting fracture strength-porosity relationship for all ceramic materials can be given by a power equation of the form
where, the exponent η is related directly to the pore structure (shape and orientation of the pores with respect to the stress axis) and on the Poisson's ratio of the material via the equation. 1.21
where (z/x) is the aspect ratio, and φ defines the orientation of the pores with respect to the stress direction i.e., the angle between the stress direction and the rotational axis of the spheroids.
The derivation of equation (3) assumes a spheroidal microstructural model, which considers a porous material as a limiting case of two-phase composite consisting of a continuous matrix phase and the inclusion phase (spheroids). Spheroids are defined as objects with regular mathematically definable geometry that have the same surface-to-volume ratio as the real grains/pores. In this model, the pore structure is characterized by three factors: pore distribution, pore shape and orientation of the pores with respect to the stress direction. The mean pore shape is given by the ratio of the rotational (z) axes to the minor (x) axes and is also called the axial ratio, α = (z/x) of the spheroids. For α =1, the spheroids become spheres and as α approaches zero, oblate spheroids (α <1) become disc-shaped and prolate spheroids (α >1) become needleshaped. The orientation factor is defined by cos 2 (φ). The case of random statistical orientation i.e. isotropic materials is obtained by setting cos 2 φ = 0.33. Thus, if enough information about the porosity structure is available (e.g. from quantitative microstructural analysis), then the exponent η can be determined and used in equation (3) to predict the fracture strength of a porous material [6] .
Equation (3) is valid in the whole range of porosity for all possible porosity structures and further, it satisfies the boundary condition σ = 0 at P = 1 [2] . In the derivation of equation (3), it is assumed that the porosity content and the pore shape have a negligible influence on the Poisson's ratio (ν) i.e., the Poisson's ratio is invariant with porosity.
There is a debate as to which between the MCA and SCE models predicts most accurately the mechanical propertyporosity relationship in ceramic materials. For example, Rice [3, 9] has argued against SCE thus: The pore shape can directly effect strength only when at least a few pores are large enough to act as the source of failure i.e., pore shape is only a secondary factor to pore size. Further, in non-dilute or high volume fraction porosity (P > 0.05), pore stress concentrations effects are reduced due to interaction between neighbouring pores as pore spacing decreases. Finally, during fracture, crack-pore interactions limit the effects of pore stress concentrations since the stress concentrations are dominated by the crack, and not the pore.
On the other hand, Boccaccini [6] suggested that stress concentration effects mainly from pores play a leading role in all the above three categories. He has indicated that SCE models predict accurately the fracture strength of porous ceramics that fail particularly from pores, i.e., when isolated (large) pores act as fracture origins as was noted too by Kubicki [10] . Further, he has indicated that no interaction between pores should be expected for volume porosity, P < 0.4 if pores are of similar diameter. Thus SCE approach for isolated pores should retain its practical utility for low to intermediate volume fraction porosity (P > 0.05). Lastly, on crack-pore interactions, Boccaccini [6] suggests that the stress intensity factor of a crack can be enhanced by a pore for two reasons. First, the crack acts as a fracture flaw, rather than an internal flaw, because it intersects the surface of the pore and, this can double the effective size of the crack.
Secondly, the crack lies in the stress field of the pore and the stress intensity on the crack is increased by the stress concentration of the pore. This idea is supported too by She and Ohji [20] who, propose that crack propagation in porous ceramics is difficult due to crack-pore interaction since, a crack may be arrested when it reaches a pore. Accordingly, fracture depends predominantly on the thermal stress at the neck of the pore and the stressbearing capability of the neck.
In the present study, our experimental data on porcelain together with recently published data on fracture strength of a number of ceramic materials have been reviewed and compared with predictions of both the MCA and SCE models, to elucidate the range of validity and utility of each of these models in the fracture strength-porosity prediction of these materials. Only materials on which accurate experimental information regarding pore shape was available or which could be inferred from the micrographs given by the original authors were selected.
COMPARISON WITH EXPERIMENTAL DATA
The data analyzed in the present work was obtained from our previous experimental work [17] and from literature and includes data on porcelain [16] , gypsum [18] , alumina [19, sintered glass [18] and uranium dioxide [18] . Table 1 gives the values of the empirical constants b and calculated from equations (2) and (4) using the information provided by the original authors. In determining b, the value of ν = 0.23 was used while in determining , the value of cos 2 φ = 0.33 was used (assuming random orientation of pores) together with the values of α shown in Table 1 . Separately, a computer program was run to find the best values of "b" and "" corresponding to the best fit of equations (1) and (3) to the experimental data of each material respectively. These values are also shown in Table  1 .
It is observed from Table 1 that the calculated η values from equation (4) lie between 2.0 and 5.5 (Table 1 .) while the values that give the best fit to the experimental data lie between 2 and 3.45. Comparatively, for each material, the calculated value is very close to the value that gives the best fit except for gypsum. The high values of η could be associated with the presence of extreme cases of pore shapes (e.g. extreme prolate, oblate or for oriented pores) [13] , introduced possibly by the method of preparation. For example, extrusion is more likely to introduce pores (whose axes are parallel to the direction of stress), whereas, uniaxial pressing would introduce oblate pores. Pores of such morphologies should result in increased stress concentration effects.
On the other hand, the values of b obtained in this study range between 2.08 and 3.60. These values are in the range (2.0 -9.0) for most ceramics [9] . The value of b is also associated with different processing techniques [15] since this gives rise to different pore structures. Thus, more densely packed materials have higher values of b. It was further observed that the calculated values of b and η are in most cases higher than the best fit values. Previous results [22] indicate that the single "effective" α values (used to calculate b and η in this case), obtained from stereological equations, are usually much higher, resulting in calculated higher values of the fitting parameters. Stereological equations overestimate the value of the 'effective' aspect ratio. Figures 1-6 show the comparison between the experimental data of the various ceramic samples investigated in this study with the predictions based on both the MCA model (Equation (1)) and the SCE model (Equation (3)). The equations were fitted using the best fit parameters "b" and " η" shown in Table 1 . A clear observation from all the figures indicates that at low volume porosity (P < 0.20), the MCA model predicts better [7] , that porosity-property dependence of materials with dilute (isolated) porosity is dependent on the minimum solid area since in this low porosity range, most pores are closed and isolated as evidenced by SEM micrograph of Fig. (7) . Thus in such materials, the value of α → 1, yielding low values of η according to equation (3) . Contrary to suggestions by Boccaccini [6] and Kubicki [10] , at low volume fraction porosity, isolated (closed) pores tend not to have sharp edges that may enhance stress concentrations. Further, in this porosity range, crack propagation (during fracture) may be difficult since the crack (if any) may be arrested by a pore and as such, fracture will depend predominantly on the stress bearing capability of the neck (actual load bearing area). In the intermediate volume porosity range, 0.20 ≤ P ≤ 0.30, both models predict a similar variation of strength-porosity relationship. In this porosity range, as pore sizes increase, pores start to interact with the nearest neighbours. Consequently, pores depart from spherical shape as porosity increases. This observation was noted by Aduda and Boccaccini [21] in their Fig. 4 , from which they gave an empirical correlation between the aspect ratio α = z/x, and porosity (P) as:
where A is an empirical constant.
We therefore expect the b values to decrease since α → 0, or becomes >1 while η values increases. Consequently, pore interaction reduces the minimum solid contact area between the solid phases but enhances the stress concentration from the pores. For this reason, the MCA starts loosing its range of applicability while the SCE starts to show dominance.
At high volume porosity range, (P > 0.30), the SCE model gives a better prediction of the experimental data. This is because, in this porosity range, pores are interconnected. SEM analysis (Fig. 7) reveals pore interaction at volume fraction porosity (P > 30) for porcelain samples from ref. [22] . We therefore expect the effect of both pore-pore interactions as well as pore-crack interactions to come into play as suggested by Boccaccini [6] . The fact that the exponential relationship becomes invalid at high pore fractions is therefore not surprising. Accordingly, the pore may enhance the stress intensity factor of the crack by increasing the effective size of the crack especially if the crack (which is parallel to the stress direction) intersects the surface of a prolate shaped pore. It is important to note that in sintered ceramic materials, the shape, and hence the aspect ratio, changes with the porosity level [23] . For this reason, we would recommend an analysis of the fracture strength-porosity relationship on a point-by-point basis, thus determining at each porosity level, the value of the axial ratio which provides the best fit as opposed to using a single "effective" aspect ratio. A number of authors [21, 22] have successfully applied this concept in the elastic property versus porosity data in various ceramic materials.
CONCLUSIONS
The present study was undertaken to verify the prediction capability of the SCE and the MCA models proposed for the fracture strength-porosity correlation in porous ceramics. It can be concluded that the MCA model have a better prediction capability in the low to intermediate volume fraction porosity range (P ≤ 0.25) while the SCE model predicts better the fracture strength-porosity relationship of ceramics in the intermediate to high porosity range (P ≥ 0.25).
